The sex chromosomes of Simulium erythrocephalum show a pattern of serial differentiation by the linkage of inversions to either X or V. Two inversion systems, IL-A and IS-B + I + G are maintained in stable polymorphism with sex differences in frequency throughout southern England. These inversions are linked to the sex chromosomes such that males are more likely to be heterozygous. Heterozygosity and homozygosity for inversions IL-A and IS-B respectively seem to be associated with speed of larval development and are probably selected.
INTRODUCTION
Sex chromosome heteromorphy is known from many groups of animals and plants, and in most cases it is the Y-chromosome which is the smaller element. Presumably such systems evolved from morphologically identical and freely recombining sex chromosomes. Muller (1914) envisaged this process as a consequence of the perpetual heterozygosity of the Y-chromosome, implying that it alone was able to degenerate by the accumulation of recessive deleterious mutations, such as small deletions and other gene dysfunctions, because these will be masked by the equivalent functional locus on the X-chromosome. Specific numerical models of this process assume that recombination is already suppressed between the X andY (Nei, 1970; Charlesworth, 1978) . Thus attention focuses on mechanisms which restrict recombination between the sex chromosomes, and structural rearrangement by inversion is one such mechanism.
Size difference between the sex chromosomes of Simuliidae is virtually unknown, and in most species they are indistinguishable in the polytene nucleus. Furthermore, males are usually chiasmate (Rothfels and Mason, 1975) and it is therefore probable that sex is determined primarily by a single locus, or at most a very short length of chromosome. However, many studies have have become differentiated by the linkage of inversions. Such inversions may be fixed or polymorphic on either of the sex chromosomes, or occur on both but at different frequencies (Post 1982a) . The purpose of this article is to describe the behaviour of several such inversions in the blackfly Simulium eryihrocephalum, and to attempt to identify the selective forces which act upon them and hence might lead to the restriction of recombination between the X and Y.
MATERIALS AND METHODS
Simulium (Boophthora)erythrocephalum (De Geer, 1776 ) is a small blood-sucking fly with immature stages restricted to rivers where the larvae are filter feeders. In central Europe S. erythrocephalum can be a serius agricultural pest and man-biter.
Although it is also common in certain lowland British rivers, here it never seems to present much of a nuisance (Post, 1982b 1) demonstrating that recombination occurs in males of S. erythrocephalum, as it does in most species of blackfly (Rothfels and Mason 1975) .
The haploid complement of S. erythrocephalum is n = 3, which is also the number of elements observed in the polytene nucleus, because synapsis of the homologues is almost complete ( fig. 2) . From a total of 510 specimens sampled from seven sites (table 1) 34 obvious chromosomal rearrangements were observed across all six chromosome arms, but the only rearrangements to show any sex linkage are some of those on the first (longest) chromosome. It is concluded therefore that it is this chromosome which forms the sex chromosome pair. The observed sex-linked rearrangements can be separated into two classes: those which are limited to one sex chromosome or the other (including IL-Q.R.S. T and IS-P + H), and those which occur on both X and Y but at different frequencies (including IL-A and IS-B+ I+G).
SEX CHROMOSOME DIFFERENTIATION
On examination of the polytene chromosomes from the larval silk glands all males were found to possess a short non-pairing region at the base of chromosome arm IS (and here labelled IS-split: fig. 3 ). Furthermore one of the bands within this non-pairing region was consistently heterozygous for intensity of staining. In females this band was homozygous for the fainter staining condition, and the bivalent was fully synapsed throughout its length, with a single exception. One female was found to possess IS-split, but it could not be determined if this was also associated with heterozygosity for the band staining. Band heteromorphy is not uncommon in blackflies and has previously been found associated with sex (Bedo, 1978) .
The complex rearrangement labelled IL-Q.R.S.T was found 16 times, but only as the heterozygote, and only in males from Norfolk.
None of the individual inversions which make up IL-Q.R.S.T were found independently. The constituent inversions IL-Q and R are distal, nonoverlapping, and distinctive. However, the basal overlapping part of the complex forms a tangled heterozygous loop which varies between individuals, and it is not clear whether this is due to variation in the number of inversions linked in the complex, or variation in the sequence of the other homologue. However, the basal overlapping complex consists of at least two inversions (IL-S and T) and probably more. It is possible that IL-A might be included. IL-Q.R.S.T is shown in fig. 4 .
The inversion IS-P (fig. 5) was found in six larvae taken from Carlton Forehoe, and also in one additional larva from Hingham. The inversion IS-H ( fig. 5 ) was found in a total of four larvae taken from Carlton Forehoe and Hingham. On each occurrence IS-I-I was linked to IS-P. Neither inversion was found in the homozygous state, and all seven larvae were males which also possessed the heterozygous complex IL-Q.R.S.T It is concluded that IS-split is due to genetic differences between the X and Y chromosomes and represents the primary differential region of the sex chromosomes, including or very close to the primary sex determining locus. The single heterozygous female is enigmatic, but could result from an exceptional crossover between IS-split and the primary sex determining locus, or be the result of some rare mUtation. Alternatively, one 
THE GENETICS OF INVERSION IL-A
The polymorphic inversion IL-A ( fig. 6 ) was found at all seven sample sites (table I) and its frequency did not vary geographically (x = l0 19, P = 012).
Furthermore, there is no evidence for temporal variation in inversion frequency between the 13 samples from Calton Forehoe (combining samples 10478 and 5578; x = l324, P=0'28). However, considering all 17 sexed samples, in 15 IL-A is at a higher frequency in males than females (data not shown) and this is significantly different from the random expectation of 85 (=9'94, P<001).
The karyotype frequency distribution in the two sexes at Carlton Forehoe during 1978 (table  2) shows a general excess of heterozygotes compared with Hardy-Weinberg expectation, although this is rarely significant in individual samples with the numbers obtained. However, considering the total data (table 2) there is a significant excess of male heterozygotes (x = 1481, P < 000I), but not females (x= 140, P>020), and this excess occurs only in males from "early" samples (x = 2089, P<O.00l) and not males from "late"
samples (x = lll, P> 02O).
The excess of heterozygotes and higher frequency of IL-A in males could result from a higher frequency of IL-A on the Y-chromosome, as opposed to the X-chromosome. The frequency of IL-A on the X-chromosome (PA) is given by the frequency in females; and the frequency on the Y-chromosome, PyA =Twice the frequency in males-PXA. The expected male karyotype frequency distribution for each generation, calculated using these sex-chromosome inversion frequencies, is a much better fit than is obtained by assuming equal frequencies on the X and Y chromosomes (table 3) , except for the fifth generation; but this might be expected, because the fifth generation is only represented by a single "late"
sample.
To summarise, there is evidence that heterozygosity for inversion IL-A is correlated with faster larval development of males, but not necessarily females. Furthermore, IL-A occurs at a higher frequency on the Y-chromosome, as opposed to the X chromosome, and this results in an overall excess of male heterozygotes. THE 
GENETICS OF IS-B.I.G
The polymorphic inversion IS-I is tandem and included in IS-B, which is proximal and does not overlap the distal polymorphic inversion IS-G (see figs. 7 and 8). However, these inversions were found in linkage disequilibrium. The chromosome sequences IS-B.I and IS-B.I.G were not found at Canton Forehoe (combining samples 10478 and 5578, and sequences B.G, I and St; x3=3270, P = 05), but suggest geographic variation between the seven sites (using total Carlton Forehoe data and combining sequences B.G, I and St; Xs= 5833, P<00001). Furthermore, in all 17 sexed samples IS-St was at higher frequency in males than females (data not shown), and this is significantly different from the random expectation of 8-5 (=8-5, P<000l), Similarly, IS-B was found at higher frequency in 13 samples, lower frequency in three and equal in one; and this is a significant departure from random expectation (x=588, P<0-02). (table 2: total males, homozygotes V. heterozygotes, X=798, P<00l; total females, X<0001, P> 
DISCUSSION
Males of most species of blackfly, including S. erythrocephalum, are chiasmate with largely isomorphic sex chromosomes. This suggests that sex is primarily determined by a single locus, or at most a short length of chromosome. In S. erythrocephalum the primary sex chromosome differential region is the non-pairing region at the base of the short arm of the first chromsome, but this primary region can be enlarged by the serial linkage of inversions out along the chromosome. This pattern is quite common in blackflies (for references see Post, 1982a ) and might be explained by the progressive linkage of new advantageous inversions to the sex locus. If such inversions include the sex locus, they will increase in frequency, but will be unable to cross over onto the other sex chromosome, even if they are advantageous in both sexes. Similarly, neutral inversions which happen to include the sex locus will be able to increase in frequency only on the sex chromosome on which they first appeared. Alternatively, the observed pattern of serial sex chromosome differentiation by inversion might be the result of selection for decreased recombination between X and Y. Charlesworth and Charlesworth (1980) have shown that there will be selection for decreased recombination between the sex locus and a second selected locus if there is already a selectively maintained sex difference in allele frequency at the second locus. The existence of a series of such loci along the chromosome would result in the selection of inversions to progressively increase the size of the sex chromosome differential segment. This sort of selection might also explain the observed sex differences in the IL-A and IS-B + I + G inversion systems in S. erythrocephalum.
To give the observed karyotypes, IL-A and IS-B + I + G must be able to recombine with the sex chromosomes, although the rate of recombination is unknown. These inversions are polymorphic throughout southern England and IS-B+I (at least) have been found in populations around Leningrad (Petrukhina, 1968) . Because they are widespread, these inversions are probably not new and hence the sex differences in frequencies should have had time to decay if they were not maintained by selection. The nature of this presumed selection is not clear but could be involved with the inversions' apparent effects on speed of larval development.
Males which emerge as adults earlier have more potential mates (Wiklund and Fagerstrom, 1977) , which could give the IS-A/St males an advantage, because they are faster developing than the homozygotes. This male limited heterozygote advantage could maintain the IL-A polymorphism, but not the sex difference in frequency; for this there must also be selection on the female (Charlesworth and Charlesworth, 1980) . Faster developing females are smaller and have fewer ovarioles (Ruhm and Hechler, 1974) but there is no evidence to suggest that IL-A is associated with speed of development in female S. erythrocephalum. However, IS-B/B females do develop more slowly and this is likely to be selected. To maintain the observed sex difference in frequency of IS-B there must also be selection in the males. It is possible that IS-B/ B males also develop more slowly, but such male karyotypes are rare and it was not possible to test this hypothesis with the sample sizes obtained.
